In recent years, Zika spread through the Americas. This virus has been linked to 17 Guillain-Barré syndrome, which can lead to paralysis, and microcephaly, a severe birth 18 defect. Zika is primarily transmitted by Aedes (Ae.) aegypti, a mosquito whose geographic 19 range has expanded and is anticipated to continue shifting as the climate changes. 20 We used statistical models to predict regional suitability for autochthonous Zika 21 transmission using climatic variables. By suitability for Zika, we mean the potential for an 22 outbreak to occur based on the climate's habitability for Ae. aegypti. We trained zero-2 23 inflated Poisson (ZIP) and zero-inflated negative binomial (ZINB) regression models to 24 predict Zika outbreak suitability using 20 subsets of climate variables for 102 regions. 25 Variable subsets were selected for the final models based on importance to Ae. aegypti 26 survival and their performance in aiding prediction of Zika-suitable regions. We 27 determined the two best models to both be ZINB models. The best model's regressors 28 were winter mean temperature, yearly minimum temperature, and population, and the 29 second-best model's regressors were winter mean temperature and population. 30 These two models were then run on bias-corrected climate projections to predict 31 future climate suitability for Zika, and they generated reasonable predictions. The 32 predictions find that most of the sampled regions are expected to become more suitable 33 for Zika outbreaks. The regions with the greatest risk have increasingly mild winters and 34 high human populations. These predictions are based on the most extreme scenario for 35 climate change, which we are currently on track for. 36 37 Author Summary: 38 In recent years, Zika spread through the Americas. This virus has been linked to 39 Guillain-Barré syndrome, which can lead to paralysis, and microcephaly, a severe birth 40 defect. Zika is primarily transmitted by Aedes (Ae.) aegypti, a mosquito whose geographic 41 range has expanded and is anticipated to continue shifting as the climate changes. We 42 used statistical models to predict regional suitability for locally-acquired Zika cases using 43 climatic variables. By suitability for Zika, we mean the potential for an outbreak to occur 44 based on the climate's habitability for Ae. aegypti. We trained statistical models to predict 45 Zika outbreak suitability using 20 subsets of climate variables for 102 regions. Variable 3 46 subsets were selected for the final two models based on importance to Ae. aegypti 47 survival and their performance in aiding prediction of Zika-suitable regions. These two 48 models were then run on climate projections to predict future climate suitability for Zika, 49 and they generated reasonable predictions. The predictions find that most of the sampled 50 regions are expected to become more suitable for Zika outbreaks. The regions with the 51 greatest risk have high human populations and increasingly mild winters. 52 53
suggested to be -2 and -5 ºC [15] , [16] . There is less research concerning the effects of 93 temperature on the flight and feeding behaviors of Ae. albopictus [4] . 94 For both Ae. aegypti and Ae. albopictus, temperature has been shown to be the 95 most crucial predictor of the vectors' geographic distribution [17] . Ae. mosquitoes already 96 have geographical ranges covering much of the Eastern United States. In terms of 97 habitability for Ae. aegypti, the entire southeastern United States is a very likely range, 98 with much of the Southern Appalachian area being a likely range [18] . The geographical 99 range of the Ae. albopictus along the Eastern portion of the US is much larger, with the 100 very likely range stretching all the way from the tip of Florida to the middle of 101 Pennsylvania. The potential geographical regions for these two species of mosquitoes, 102 as determined by the Centers for Disease Control and Prevention (CDC), are provided 103 (Fig 1) : 104 regions because of their colder winters; their eggs have a high mortality rate upon 126 contacting frost [6] . In addition, there has been a decline in Ae. aegypti mosquitoes 127 associated with the invasion of the Ae. albopictus mosquitoes [23] . Ae. aegypti 128 mosquitoes prefer feeding on humans to other mammals, and feed numerous times 129 during the gonotrophic cycle, increasing the risk of transmitting disease from host to host 130 [6] . Ae. albopictus mosquitoes also prefer human blood, but they are opportunistic feeders 131 and will feed preferentially on whatever mammals are available [24], whereas Ae. aegypti 132 seek out human hosts even in the presence of other hosts [4], [6] . Ae. albopictus are less 133 competent vectors and are therefore less likely to spread Zika than Ae. aegypti 134 mosquitoes [24] . Ae. aegypti and Ae. albopictus are the primary vectors capable of 135 transmitting Zika [3], [25] . 136 Attributed to both climate change and El Niño, Latin America was hotter than 137 average in 2015. There were high levels of precipitation in Southern Brazil and Uruguay 138 in the winter leading into 2015 [26] . Rain leads to standing bodies of water in the form of 139 puddles and water accumulated in other outdoors containers. These bodies of water 140 serve as breeding grounds for Ae. aegypti mosquitoes [26] . However, too heavy of rainfall 141 events can wash away larvae from breeding grounds, negatively affecting mosquito 9 165 analysis to model the spread of Zika in Brazil [36] . Also in 2018, Huber, Caldwell, and 166 Mordecai used a dynamic disease transmission model to examine the impact of different 167 aspects of temperature: seasonal variation, seasonal mean, and value at epidemic onset 168 on disease dynamics in twenty cities [14] . The New York City (NYC) Department of Health 169 and Mental Hygiene applied a zero-inflated Poisson model to estimate which census 170 tracts in NYC have the highest risk for Zika being imported by humans [37] . Other 171 researchers have used SEIR model variations, time series models, and stochastic models 172 for Zika-related research [36] . For other mosquito-related research, zero-inflated models 173 have been used to model the relationship between weather and dengue incidences in 174 China [38] , mosquito egg abundance in Eastern Europe [39] , Ae. albopictus females and 175 egg abundance in France [40] , and to analyze the density of adult malaria mosquitoes in 176 Kenya [41] . In addition, the relationship between water volume changes in containers and 177 Ae. aegypti pupal abundance has been explored in Vietnam [42] . Our method is unique 178 in its relatively simple yet useful approach in characterizing a regions suitability for Zika 179 outbreaks using only historical climate, population, and Zika data. 180 The magnitude of the climate variations we will experience depend on our efforts 181 to reduce the amount of greenhouse gases (GHGs) being emitted. We can do a lot more 182 to lower our emissions and not continue on the path aligning with the "business as usual" 183 scenario, which accompanies the most extreme projections for climate change. In this 184 manuscript, we explore the potential for Zika's geographical reach to expand or shift with 185 changes in climate by comparing Zika case predictions of statistical models trained using 186 past climate data and future climate projections. Where by training a model, we mean 187 providing an algorithm and data for the model to learn from. The overall goal of this research was to develop a statistical regression model that can identify regions capable 189 of experiencing a Zika outbreak and to use this model to predict what regions may be at 190 an increased risk for Zika outbreaks as the climate changes. As . 274 The future of the climate is uncertain and depends on the emissions levels today 275 and in the years to come. So, for the future climate projections, we selected the emissions 276 scenario that we are currently on track for, Representative Concentrations Pathway 8.5 277 (RCP 8.5). This is the highest emissions scenario explored by the CMIP5 climate 278 modelers, so the temperature and precipitation changes in the future scenarios are expected to be more extreme than in lower emissions scenarios (RCPs 2.6, 4.5, and 6). 280 This scenario is also interesting to consider in terms of its potential impact on the habitable 281 areas for Ae. aegypti mosquitoes, because currently they are limited from spreading as 282 far north as Ae. albopictus mosquitoes have because their eggs cannot survive the cold 283 winters. With these winters potentially becoming warmer under this emissions scenario, 284 Ae. aegypti mosquitoes could potentially inhabit a wider range of areas. However, some 285 regions that are warm enough for these mosquitoes could become too hot in the summer 286 and experience a decline in Ae. aegypti populations, and in turn, Zika infections. 287 Since the CCAFS climate data was not available for the years in which the Zika 288 outbreaks occurred, we compared the historical climate data to monthly weather data regions. We then compared these statistics to those calculated from the 1980-2005 304 CCAFS climate data by computing the mean and median differences between them and 305 the mean absolute differences as shown in Table 1 . 306 We chose the climate variables to be used in the models based on their importance 307 to Ae. aegypti. Since temperature is the most important factor in determining Ae. aegypti's 308 geographical range, most of the variables were chosen to describe the central tendency 309 and spread of temperature throughout the year. Initially, we were going to include 310 precipitation since it plays a role in breeding ground availability for Ae. aegypti. However, 311 there were major discrepancies in precipitation between the years the Zika outbreak 312 occurred and the years in the historical period used to train the models. So, we eliminated 313 this variable. We included the mean difference between daily maximum and minimum 314 temperature since large temperature changes in 24 hours negatively impacts female 315 reproduction [56] . The climate variables considered were: mean yearly minimum 316 temperature (year.min), mean yearly mean temperature (year.mean), mean yearly 317 maximum temperature (year.max), an indicator for year.mean being within the range in 318 which Ae. aegypti can sustainably fly (year.mean15to32), the mean difference between 319 the daily maximum, and daily minimum temperatures (year.diff), the mean yearly winter 320 mean temperature (winter.mean), and the mean yearly summer mean temperature 321 (summer.mean). 322 To obtain the average yearly minimum (mean) (maximum) temperature, we took 323 the minimum (mean) (maximum) of all the daily minimum temperatures for all the days 324 for each year. Then we averaged the yearly minimums (means) (maximums) for minimum (mean) (maximum) daily temperature over the 21-year period. We calculated winter.mean 326 and summer.mean by taking the mean of the mean temperatures for December, January, 327 and February, the taking the mean of the mean temperatures for June, July, and August, 328 and then assigning one of these means to winter and one to summer depending on 329 whether the region of interest is above or below the equator. training the model using that region. In terms of regressors used in these models, we 364 started with the simplest subset first: only one regressor. The variable chosen was 365 year.min, since susceptibility to cold is a limiting factor in the Ae. aegypti's distribution. 366 Next, we tested the performance of a simple model using another measure of coldness: 367 winter.mean. Since there were over 1,000 potential models, we did not test all possible 368 model; not all combinations of regressors would have been logical to test anyway. 369 Instead, we chose 20 subsets of climate variables; each subset would be tested using a 370 ZIP and a ZINB model. The model performances were evaluated based on soundness of model coefficients (i.e., coefficients that should be positive were positive and coefficients 372 that should be negative were negative), ability to predict at least one Zika case for all 373 regions that reported Zika cases, and for regions that did not yet report Zika, only 374 predicting one case or more for regions that presently could experience a Zika outbreak. 375 We define Zika-suitable regions as those currently inhabited by or determined to be 376 capable of being inhabited by Ae. aegypti by at least two out of three of the potential 377 distributions discussed in the introduction. In the potential distribution provided by the 378 CDC, we considered an area in the "likely" or "very likely" range to be capable of being 379 inhabited by Ae. aegypti. The presence of Ae. aegypti is correlated to Zika outbreaks if 380 there are individuals in that region with Zika. Since we used count models, we considered 381 a prediction of at least one Zika case to indicate that the model considers a region suitable 382 for Zika. 383 For the regions that reported Zika, we compared each model's predictions to the 384 observed cases by calculating the mean of the absolute values of the residuals, then we 385 scaled these values by dividing them by the number of cases observed to get the mean 386 scaled residual. The mean scaled residual values were considered secondarily to the 387 other methods of evaluating model performance. We determined that the zero-inflated 388 negative binomial models consistently outperformed the zero-inflated Poisson models. 389 The final models were two ZINB models (ZINB1 and ZINB2 for future predicted cases is provided in Fig 5B. As shown in Fig 5A, predictions is provided in Fig 5D. As shown in Fig 5C, 
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Shifting focus to the Zika-positive regions, ZINB1 predicts that on average, the 537 regions that have already seen Zika will continue to be more Zika-friendly on average 538 than the Zika-free regions. For the future predictions, the mean is 28795.99; the median 539 is 7177.149, and the standard deviation is 92643.17. As shown in Fig 6A, Miami, Florida; and Brownsville, Texas. As shown in Fig 6D, for changes in predictions, 543 the mean is 5033.435, the median is 3157.645, and the standard deviation is 19710. 42, 544 indicating that these regions are expected to become more suitable for Zika outbreaks 545 based on the climate projections considered. As shown in Fig 6C, to regions with Ae. aegypti. Both ZINB models predicted a median of less than one, 649 although ZINB1 gave more predictions very close to zero, as indicated by its smaller 650 median. ZINB2's predictions were smaller on average than ZINB1's, as reflected by their 651 mean predictions. 652 Concerning the ZINB Models' performances with regions that did report Zika, 653 both models predicted at least one case for every region. This is crucial, because if a 654 model is to be used to predict where Zika will be a problem in the future, we need to be 655 sure that it does not miss places, resulting in unpreparedness for Zika prevention. For 656 the scaled residuals, ZINB2 had a smaller mean, median, and standard deviation. 657 However, the models' performances in predicting exact numbers of cases for Zika-658 positive regions was considered secondarily to their performances in identifying regions 659 that could experience Zika outbreaks. So, we conclude that ZINB1 performed the best. 660 Looking to the future, the predictions from both the ZINB Models appear to be 
